ABSTRACT. The vacuole of Saccharomyces cerevisiae plays essential roles not only for osmoregulation and ion homeostasis but also down-regulation (degradation) of cell surface proteins and protein and organellar turnover. Genetic selections and genome-wide screens in S. cerevisiae have resulted in the identification of a large number of genes required for delivery of proteins to the vacuole. Although the complete genome sequence of the fission yeast Schizosaccharomyces pombe has been reported, there have been few reports on the proteins required for vacuolar protein transport and vacuolar biogenesis in S. pombe. Recent progress in the S. pombe genome project of has revealed that most of the genes required for vacuolar biogenesis and protein transport are conserved between S. pombe and S. cerevisiae. This suggests that the basic machinery of vesicle-mediated protein delivery to the vacuole is conserved between the two yeasts. Identification and characterization of the fission yeast counterparts of the budding yeast Vps and Vps-related proteins have facilitated our understanding of protein transport pathways to the vacuole in S. pombe. This review focuses on the recent advances in vesicle-mediated protein transport to the vacuole in S. pombe.
Introduction
Eukaryotic cells are characterized by a number of different membrane-bound compartments, which serve special roles in the cell. In the yeast Saccharomyces cerevisiae, the vacuole is the most prominent organelle and is morphologically distinguished by its large volume of about one-quarter comparing the total cell volume. The vacuole of S. cerevisiae is an acidic organelle and its internal pH is maintained at 6.2 by a vacuolar-type protein-pumping ATPase. The vacuole also serves as an important storage reservoir for amino acids, small ions and polyphosphates, and is essential for osmoregulation and ion homeostasis (Jones et al., 1997) . Resident vacuolar proteins pass through the early stages of the secretory pathway and are sorted in the late Golgi, away from proteins destined for the cell surface (Klionsky et al., 1990) . This routing of proteins to the vacuole is one of the major diversions in protein flow through the secretory pathway and serves as an excellent paradigm for protein sorting processes.
In an effort to identify the trans-acting cellular machinery responsible for this localization process, genetic selections in S. cerevisiae were used to isolate mutants that missort and secrete the vacuolar hydrolase carboxypeptidase Y (CPY) (Bankaitis et al., 1986; Rothman and Stevens, 1986) . Many of the resulting vacuolar protein-sorting (vps) mutants were also isolated with screens for vacuolar peptidase deficiencies (pep; Jones, 1977) and vacuolar morphological defects (vam; Wada et al., 1992) . Together, these mutants define more than 40 complementation groups and have been categorized into six classes (A-F) with respect to their vacuolar protein sorting, morphology, and acidification defects Raymond et al., 1992) . Recently, genome-wide screens for mutants defective in vacuolar protein sorting and vacuole morphology have been reported (Avano et al., 2002; Seeley et al., 2002; Bonangelino et al., 2002) . Bonangelino et al. identified 362 mutant strains (7.8% of the total) that secreted various amounts of CPY to the cell surface. The study of vacuolar protein sorting in S. cerevisiae has yielded many important insights into the mechanisms governing intracellular protein sorting pathways.
The fission yeast Schizosaccharomyces pombe is a unicellular eukaryote belonging to the Ascomycetes. It is called a fission yeast because it only reproduces by means of fission, besides spores. S. pombe is widely used as a model system for eukaryotic cell biology. It is well-known that some features such as cell cycle, chromosome structure, and RNA-splicing are more similar between mammalian cells and S. pombe than between mammalian cells and S. cerevisiae (Moreno et al., 1991) . Although the complete genome sequence of the S. pombe has been reported (Wood et al., 2002) and a group of GTP-binding proteins known as Ypt proteins have been well-studied (Armstrong, 2000) , there have been few reports on the proteins required for vacuolar protein transport and vacuolar biogenesis in S. pombe. The vacuole of S. cerevisiae plays essential roles not only for osmoregulation and ion homeostasis but also down-regulation (degradation) of cell surface proteins (Katzman et al., 2002) and protein and organellar turnover (Klionsky and Ohsumi,1999) . However, little attention has been given to the physiological roles of S. pombe vacuole so far. In this review, we discuss the recent developments in the fission yeast vesicle-mediated protein transport pathways to the vacuole and point out the challenges we face in the future.
Vacuole morphology of fission yeast
A number of techniques, including the use of vital dyes that accumulate in the vacuole, have revealed that the vacuole is a large, prominent structure consisting of one to three organelles per cell in wild-type S. cerevisiae cells (Fig. 1 ) (Pringle et al., 1989; Vida and Emr, 1995) . Fluorescent dyes CDCFDA (for the vacuolar lumen) and FM4-64 (for the vacuolar membrane) were used to visualize the vacuoles in S. pombe cells (Fig. 2) . Wild-type S. pombe cells contain numerous small vacuoles unlike those of S. cerevisiae cells, and these fragmented vacuoles appear to be randomly dispersed throughout the cells (Fig. 1 ). During each cell cycle, vacuoles of S. cerevisiae cells actively partition between mother and daughter cells. The maternal vacuole forms membranous tubules or a series of connected vesicles that extend into the emerging bud (Catlett and Weisman, 2000) . Several mutants defective in vacuole partitioning have been identified and characterized in S. cerevisiae Wang et al., 1996) . In contrast, S. pombe cells can easily divide sister nuclei into daughter Fig. 1 . Vacuole morphologies of budding and fission yeasts. Wild-type S. cerevisiae and S. pombe cells were grown in rich media at 27°C to mid-log phase and stained with FM4-64. The stained cells were then visualized using Nomarski optics and fluorescence microscopy.
cells by medial fission, and generate new vacuoles throughout the cell cycle. Therefore, large vacuoles may interfere with the normal positioning of nuclei and multiple small vacuoles appears to be favorable for S. pombe cells.
Vacuole morphology of S. pombe cells can change rapidly when cells are subjected to stress. For example, resuspension of cells in hypotonic environment causes a rapid (within 10 min) coalescence of multiple small vacuoles into a couple of large vacuoles (Bone et al., 1998) . Vacuolar fusion of S. pombe cells is a rapid and specific process of membrane fusion in response to an external stimulus (Fig. 3) . Isolated vacuoles from S. cerevisiae can undergo fusion in vitro (Wickner, 2002; Wickner and Haas, 2000) . This fusion process is performed by the homotypic fusion and vacuolar protein sorting (HOPS) complex. All of the HOPS subunits, which include Vps11/16/18/33p class C Vps complex (see Vacuolar deficient mutants) and Vam2/6p complex, have been found in an independent screen for vacuole morphology mutants (Wada et al., 1992) . S. cerevisiae ypt7 mutant was also isolated as mutants with defective vacuole morphology (ypt7 is allelic to vam4; Wada et al., 1992) . The Rab/Ypt GTPase Ypt7p associates with effector proteins of the HOPS complex to tether vacuoles reversibly (Price et al., 2000) . S. pombe ypt7 + gene was isolated from S. pombe genomic DNA by PCR amplification (Bone et al., 1998) . Vacuoles of ypt7D cells are smaller than those of wild-type cells, and vacuolar fusion was not induced by osmotic stress, indicating that Ypt7p is required for the vacuolar fusion process like in S. cerevisiae (Bone et al., 1998; Iwaki et al., 2003) (Fig. 3) . The similar phenotypes of Fig. 2 . Visualization of S. pombe vacuole. Wild-type S. pombe cells were grown in rich media at 27°C to mid-log phase and stained with CDCFDA (vacuolar lumen) or FM4-64 (vacuolar membrane). Fig. 3 . The ypt7D cells are defective in vacuole fusion in vivo. Wild-type (WT) and ypt7D cells were grown in rich media at 27°C and stained by FM4-64. Cells were shifted to water for 60 min, and the cells were then visualized using Nomarski optics and fluorescence microscopy. the ypt7D cells between two yeasts indicates that vacuolar fusion process is conserved. The rapid fusion of vacuoles in S. pombe cells results in an increased vacuolar volume, and may contribute to maintain the water content of the cytosol under hypotonic conditions (Bone et al., 1998) .
Vacuolar proteins (i) Soluble (luminal) vacuolar proteins
In S. cerevisiae, the most thoroughly studied soluble vacuolar protein is CPY. CPY is a serine carboxypeptidase, and the carboxypeptidases have several highly conserved regions including a serine active residue. To analyze the vacuolar protein transport pathways in S. pombe, we employed a PCR-based cloning strategy and isolated a CPY homologue (cpy1 + ) gene from S. pombe genome (Tabuchi et al., 1997a) . The nucleotide sequence of cpy1 + gene contained a single large open reading frame encoding a protein of 1,002 amino acids with one potential N-glycosylation site. The C-terminal mature region that contains the catalytic region is highly conserved in other serine carboxypeptidases. In contrast, the N-terminal pre-region containing the signal sequence and the pro-region containing the vacuolar sorting signal in the CPY from S. cerevisiae has fewer identities. Significant carboxypeptidase activity was detected in the wild strain and more than 90% of total activity was decreased in cpy1D cells, indicating that cpy1 + gene encodes an active carboxypeptidase (Tabuchi et al., 1997a) .
Using the specific antibody for Cpy1 protein, we detected the cpy1 + gene product. Soluble serine carboxypeptidases which are homologous to S. cerevisiae CPY are divided into two classes. One is a single chain monomer enzyme like CPY from S. cerevisiae and P. pastris. The other is a heterodimer enzyme which consists of two polypeptide chains linked by disulfide bonds and includes serine carboxypeptidase II from wheat (Breddam et al., 1987) , and the human "protective protein/cathepsin A" (Gejart et al., 1988) . Our results showed that S. pombe Cpy1p is a dimeric enzyme unlike S. cerevisiae CPY (Tabuchi et al., 1997a) .
In S. cerevisiae, the posttranslational modifications that occur on CPY during transit through early secretory organelles to the vacuole result in electrophoretic mobility differences. These differences can be seen with pulse-chase radiolabeling analysis and are indicative of CPY's compartmental location (Klionsky et al., 1990) . To investigate the intracellular transport of the cpy1 + gene product in S. pombe, pulse-chase analysis was performed (Tabuchi et al., 1997a) . In wild-type cells, during a 10 min pulse with Expres 35 S, an immunoreactive band of apparent molecular mass 110-kDa, was detected. After 5 min of chase, the molecular mass of this 110-kDa form was converted to 51-kDa, before finally being processed to 32-kDa. By 30 min of chase, both the 110-kDa and 51-kDa forms had been completely processed to the 32-kDa form (Fig. 4) . On Western blot analysis, the Cpy1p was detected with a molecular mass of 32-kD under reducing conditions. Therefore, this 32-kDa form is the mature form of Cpy1p, while the 51-kDa form is a single polypeptide intermediate Cpy1p, the prosegment of which has been removed (Tabuchi et al., 1997a) .
To investigate the intracellular transport mechanism of Cpy1p in S. pombe, Cpy1p was expressed in S. cerevisiae and its biosynthesis and sorting were examined . When S. cerevisiae prc1D, devoid of intrinsic CPY activity, was transformed with a plasmid carrying the S. pombe cpy1 + gene, the CPY activity was restored. Pulsechase experiments revealed that Cpy1p is initially synthesized in a pro-precursor form, and then converted to a heterodimer, the mature form, in S. cerevisiae cells. In S. cerevisiae, maturation of pro-CPY is mainly dependent on a functional PEP4 (encoding proteinase A; PrA) gene product (Hemmings et al., 1981; Hirsch et al., 1992) . In contrast to the S. cerevisiae CPY which is a monomeric enzyme, S. pombe Cpy1p is a dimeric enzyme in which two subunits are linked via an interchain disulfide bridge (Tabuchi et al., 1997a) . Therefore, two proteolytic cleavages must occur during maturation of Cpy1p after signal peptidase cleavage in the S. pombe vacuole. S. pombe strains have a proteolytic system similar to that found in S. cerevisiae: proteinase A activity has been detected in S. pombe cells (SuarezRendueles et al., 1991) . It is worth pointing out that proteinase A-like proteins have not been identified in the S. pombe genome to date although the sequence of the S. pombe genome is complete (Wood et al., 2002) , and therefore it is not yet clear how Cpy1p is processed to the mature form in S. pombe cells.
(ii) Vacuolar membrane proteins
The nonspecific alkaline phosphatase (ALP) is the bestcharacterized phosphatase in S. cerevisiae. ALP is encoded by the PHO8 gene which has been cloned and sequenced (Kaneko et al., 1985 (Kaneko et al., , 1987 . The Pho8 protein consists of 566 amino acids, and contains one transmembrane domain as a type II integral membrane protein. ALP is the first vacuolar membrane protein for which detailed sorting information has been determined in S. cerevisiae. Many vps mutant strains that are extremely defective in sorting the soluble hydrolase CPY have very little effect on the vacuolar membrane protein ALP in S. cerevisiae. This is consistent with the presence of separate mechanisms for the delivery of CPY and ALP. Definitive evidence for an alternative pathway came with the discovery that mutations in genes encoding any of the subunits of AP-3 adaptor complex fail to properly localize ALP, but not CPY (Cowles et al., 1997; Stepp et al., 1997) . The AP-3 sorting signal of ALP is a dileucine-based motif in the cytoplasmic tail portion of the protein (Vowels and Payne, 1998 ). An examination of the S. pombe genome database revealed that a gene in chromosome II (SPBC14F5.13) possesses overall amino acid iden-tity of 43% to Pho8 protein from S. cerevisiae. Because S. pombe ALP contains dileucine-based motif at the N-terminus like S. cerevisiae ALP, this protein will be a useful model protein for studies of membrane protein sorting in S. pombe.
The S. pombe cells detoxify excessive cadmium by synthesizing phytochelatins, which bind cadmium and mediate its sequestration into the vacuole (Cobbett, 2000) . Cadmiumsensitive mutants deficient in the accumulation of a phytochelatin-cadmium complex were isolated from S. pombe (Ortiz et al., 1992) . One of the genes, hmt1
+ , encodes an ABC-type transporter protein required for cadmium tolerance (Ortiz et al., 1992) . The Hmt1-b-galactosidase fusion protein was localized to the S. pombe vacuole (Ortiz et al., 1992) , and the phytochelatin-cadmium complex is accumulated in the vacuole by the Hmt1 transporter (Ortiz et al., 1995) . We have constructed the fusion protein Hmt1-GFP, and observed its localization in the wild-type cells (Iwaki et al., 2003) . In wild-type cells, the fluorescent pattern of GFP-Hmt1 was found to overlap with the staining of the vacuolar membrane by FM4-64, indicating that GFPHmt1 resides predominantly on the vacuolar membrane (Fig. 5) . We found that the vacuolar membrane protein Hmt1p is correctly transported to the vacuoles in S. pombe vps34D cells (see PtdIns 3-kinase; K. Takegawa, unpublished result) . This is consistent with the presence of separate mechanisms for the delivery of soluble and multispanning membrane vacuolar proteins. Thus, the Hmt1p ABC transporter is a suitable model for studying the targeting and/or retention to the vacuolar membrane as one of the multispanning membrane proteins.
Sorting signals
In the case of S. cerevisiae CPY, the vacuolar sorting-signal of CPY is located in the polypeptide (Johnson et al., 1987; Valls et al., 1987; , and the propeptide sequence is the targeting signal for the receptor recognition in late Golgi (van Voorst et al., 1996; Valls et al., 1990) . To identify the vacuolar sorting signal for S. pombe Cpy1p, we have constructed a set of five cpy1 + -SUC2 gene fusions. The hybrid proteins consisting of N-terminal segments of various lengths of Cpy1p were fused in-frame to the secreted enzyme S. cerevisiae invertase. The invertase activity exhibited by the CPY-Inv hybrid proteins provides a useful biochemical marker with which to assess their cellular distribution (Bankaitis et al., 1986; Johnson et al., 1987) . Although the secreted invertase has served as a model glycoprotein for studies of oligosaccharide synthesis and structure (Ballou and Ballou, 1995) in S. pombe, the sequence and structural gene for the S. pombe invertase have yet to be determined. Therefore, PCR was used to isolate an invertase homologue gene from S. pombe, and the cloned inv1 + gene encodes a protein of 581 amino acids with 16 potential N-linked glycosylation sites (Tanaka et al., 1998) . When the inv1 + gene was disrupted, S. pombe strains lacked detectable invertase activity, indicating that the inv1 + gene encodes an active form of invertase in S. pombe cells (Tanaka et al., 1998) .
Using the invertase-deficient mutants, S. pombe strains harboring plasmids encoding the Cpy1p-Invertase hybrid proteins expressed similar levels of invertase activity (data not shown). When the longer N-terminus portions of Cpy1p were fused to invertase, the invertase activity at the cell surface was reduced. Hybrid proteins containing 478 amino acids or more of Cpy1p fused to invertase were retained efficiently within the cell. The hybrid protein that contains 478 amino acids fused to invertase is delivered to the vacuole, as indicated by the cofractionation with the carboxypeptidase activity (Tabuchi et al., 1997a) . These data indicated that N-terminal 478 amino acids of Cpy1p was sufficient to direct delivery of a Cpy1-Inv hybrid protein to the vacuole, and that this segment contained the putative vacuolar sorting signal of S. pombe Cpy1p.
Glycosylation
In mammalian cells, soluble lysosomal proteins are inserted into the ER, and then transit through the Golgi apparatus where they receive a mannose 6-phosphate moiety that acts as a recognition signal for the mannose 6-phosphate receptor. The mannose 6-phosphate-lysosomal protein complexes are sorted into transport vesicles that fuse with the endosome. The low pH of the endosome triggers the release of lysosomal proteins from the receptor, and these proteins are eventually sorted to the lysosome (Kornfeld, 1992) . Unlike lysosomal proteins in many mammalian cell types, which require a mannose-6-phosphate determinant for sorting, CPY from S. cerevisiae does not require Asnlinked oligosaccharides for vacuolar delivery (Schwaiger et al., 1982; Stevens et al., 1982) . We investigated whether the Asn-linked oligosaccharide of the S. pombe Cpy1p func- tions as the determinant for sorting to the vacuole. The predicted polypeptide of Cpy1p contains only one potential acceptor site for Asn-linked glycosylation (amino acid 659). We constructed a mutant Cpy1p (S661A), in which the serine residue in the Asn 659 -Ala-Ser sequence was substituted by alanine by site-directed mutagenesis. The mutant Cpy1p (S661A), when expressed in cpy1D was reduced to 52-kDa under non-reducing conditions, and it had 110% of its original carboxypeptidase activity (Tabuchi et al., 1997a) . These results suggest that the mutant Cpy1p (S661A) is correctly delivered to the vacuole, and that this unglycosylated Cpy1p is normally processed by proteinases in the vacuole. Therefore, unlike the mammalian lysosomal sorting system, the Asn-linked oligosaccharide is not the determinant for sorting to the vacuole in S. pombe.
In fission yeast, the carbohydrate components of the cell wall consist of galactomannan unlike in Saccharomyces cerevisiae (Ballou et al., 1994) . We previously found that the disruption of gms1 + , a gene encoding the UDP-galactose transporter required for the synthesis of galactomannan, led to the complete defect of cell surface galactosylation in S. pombe (Tabuchi et al., 1997b) . The gms1D strain is therefore useful for the analysis of the physiological properties of galactose residues in S. pombe. We examined the sorting pathway of vacuolar proteins by analyzing the S. pombe Cpy1p in gms1D cells, and found that the defect in the galactosylation of glycoproteins including secretion did not influence the general mechanisms of biosynthesis, sorting and secretion in S. pombe cells (Tanaka et al., 2001) .
Genes required for vacuolar protein transport in fission yeast
Genetic screens based on the detection of reduced proteolytic activity to the vacuole (Jones, 1977) or missorting of vacuolar hydrolases to the periplasmic space Rothman et al., 1989) have identified more than 40 vacuolar protein sorting (VPS1-55) genes. Recently, genome-wide screens for mutants defective in vacuolar protein sorting have been reported (VPS60-75; Bonangelino et al., 2002) . Analyses of the products of these VPS genes have revealed numerous molecules whose biochemical activities suggest that they represent important factors regulating vacuolar protein localization.
In 2002, the complete genome sequence of S. pombe has been reported, and about 83% (4,050/4,876) of the S. pombe proteins have homologues with the budding yeast S. cerevisiae (Wood et al., 2002) . Therefore, we have inspected the complete genome sequence of S. pombe to identify the homologues of Vps and Vps-related genes of S. cerevisiae. We found by a BLAST search of protein databases that S. pombe contains many genes that are homologous to Vps and Vps-related proteins of S. cerevisiae (Table I) . Interestingly, no fission yeast equivalents of several Vps proteins have been found in the S. pombe genome (Table I) . Several vps mutants exhibit similar phenotypes and these gene products often act at the same transport step. VPS51-54 genes were isolated in a genetic screen designated to find new VPS genes that act at the Golgi and were reported to share similar phenotypes (Conibear and Stevens, 2000) . Recent studies showed that Vps51p, Vps52p, Vps53p, and Vps54p form a novel multisubunit complex called the "GARP complex", and that this complex is required for protein sorting at the late Golgi in S. cerevisiae cells (Conibear et al., 2003; Whyte and Munro, 2002; Reggiori et al., 2003) . In contrast, S. pombe and multicellular eukaryotes lack Vps51-like protein. One possibility is that non-Saccharomycetes utilize one or more proteins that perform the functions attributed to Vps51 protein, but whose sequences have substantially diverged. Also S. pombe homologue of Vps37 protein has not been identified (Table  I) . VPS37 gene is one of the class E VPS genes and a component of ESCRT-I (endosomal sorting complex required for transport) complex in S. cerevisiae (Katzman et al., 2001) . Curiously, mammalian homologue of Vps37 protein has not been identified (Katzman et al., 2002) , and therefore characterization of the fission yeast counterparts of the budding yeast Vps protein complexes may facilitate our understanding of protein transport pathways to the vacuole/ lysosome not only in S. pombe but also in multicellular eukaryotes.
Phosphatidylinositol kinases (i) PtdIns 3-kinase
Phosphatidylinositol (PtdIns) and its phosphorylated derivatives, collectively referred to as phosphoinositides, are key regulators of a wide variety of cellular processes including signal transduction, cell proliferation, vesicular trafficking, apoptosis, cytoskeletal organization, and transcription (Martin, 1998; Fruman et al., 1998) . Given the numerous modification sites present on the inositol headgroup and the combinatorial manner in which these sites can be modified, phosphoinositides are well suited for the specific regulation of this complex trafficking process. A requirement for phosphoinositides in Golgi to vacuole trafficking in S. cerevisiae was established by the characterization of the VPS34 gene product as a PtdIns 3-kinase, responsible for PtdIns(3)P synthesis . Vps34p is recruited from the cytosol to a membrane-bound complex by the protein kinase Vps15p . Vps15p and Vps34p facilitate protein sorting in both the Golgi to vacuole transport pathways through the regulated synthesis of PtdIns(3)P (Stack et al., 1995) .
We have cloned the gene, vps34 + (pik3 + ) from S. pombe genomic DNA by PCR amplification. The S. pombe PtdIns 3-kinase clone encodes a protein of 801 amino acids which is 43% identical to the S. cerevisiae Vps34 protein. Disruption of the vps34/PtdIns 3-kinase gene in S. pombe lacked On the basis of sequence homology, potential homologues of S. cerevisiae Vps and Vps-related proteins have been identified in S. pombe.
detectable PtdIns 3-kinase activity and resulted in severe defects in vacuolar protein transport like S. cerevisiae VPS34 Tabuchi et al., 1997a) (Fig.  4 ). These results demonstrate that S. pombe Vps34p is a functional PtdIns 3-kinase, and that this activity is important for vacuolar protein transport in S. pombe cells. The vps34 disruptant contains enlarged vacuoles and exhibits sensitivity to high temperature or high ion concentration Kimura et al., 1995) (Fig. 6) . Recent progress has been made in identifying proteins which directly bind PtdIns(3)P and are thus candidate downstream effectors of PtdIns(3)P signaling. The product of PtdIns 3-kinase, PtdIns(3)P, has been shown to bind to FYVE and PX domains (Wurmser et al., 1999; Stenmark and Aasland, 1999; Sato et al., 2001; Wishart et al., 2001 ). Many of the FYVE and PX domain-containing proteins are involved in vesicular trafficking, protein sorting, and lipid modification. Several Vps proteins, such as Vps5, Vps17, Vac1, Vps27, and Vam7, contain FYVE or PX domains in S. cerevisiae, and these homologues are also found in S. pombe genome except for Vam7p (Table I) . We are now testing whether these proteins are functionally homologous to those of S. cerevisiae. As described below (see Sporulation and vacuolar protein transport in S. pombe), PtdIns 3-kinase activity is also required for forespore formation, and therefore FYVE and PX domain-containing proteins will be important not only to vacuolar protein transport and vacuolar biogenesis during the vegetative growth but also forespore membrane formation during nitrogen starvation.
(ii) PtdIns(3)P 5-kinase S. pombe cells usually proliferate in a haplontic state. Upon nitrogen starvation, they undergo sexual differentiation to start conjugation when both h + and h -(two mating types) cells are present. Conjugation is controlled by the diffusible peptide pheromones, P-factor and M-factor, which are produced by h + and h -haploid cells, respectively (Davey, 1992; Imai and Yamamoto, 1994) . Mating pheromones are transported to the plasma membrane by vesicle trafficking and are secreted by exocytosis (Davey, 1998) . The plasma membrane receptors for P-factor and M-factor transduce the pheromone stimulus intracellularly (Kitamura and Shimoda, 1991; Tanaka et al., 1993) , and the pheromone-bound receptors are removed quickly from the cell surface by endocytosis into the cells (Morishita et al., 2002) . Therefore, the mating pheromone-signaling event depends on the intracellular protein trafficking in S. pombe cells.
The genes required for this conjugation steps have been identified as ste (sterile) genes. One of the ste genes, ste12 + , was isolated in a genetic screen for mating defects (Kitamura et al., 1990) . The S. pombe ste12 mutant cells exhibit extremely enlarged vacuoles that occupy the majority of the cell, and the aberrant positioning of nuclei and septa were observed in ste12 mutant due to an indirect consequence of prominently large vacuoles (Morishita and Shimoda, 2000) . Recently, the ste12 + gene has been cloned and was found to be homologous to S. cerevisiae FAB1 gene (Yamamoto et al., 1995) , which was originally identified from mutants as causing aberrant chromosome segregation (Morishita et al., 2002) . The PtdIns(3,5)P2 was identified in yeast, mammalian, and plant cells (Dove et al., 1997; Whiteford et al., 1997) . Synthesis of PtdIns(3,5)P2 in S. cerevisiae is dependent upon the production of PtdIns(3)P by Vps34p (Dove et al., 1997) . The product of the FAB1 gene in S. cerevisiae has been identified as the PtdIns(3)P 5-kinase that converts PtdIns(3)P into PtdIns(3,5)P2 (Gary et al., 1998) .
Cells lacking Ste12p produce undetectable levels of PtdIns(3,5)P2, and this result showed that ste12 + gene encodes a PtdIns(3)P 5-kinase, which synthesizes PtdIns-(3,5)P 2 from PtdIns(3)P (Morishita et al., 2002; McEwen et al., 1999) . Unlike the fission yeast ste12 mutant, conjugation is not impaired by the fab1 mutation in the budding yeast (Yamamoto et al., 1995) . The amount of the pheromone receptor protein Map3p is substantially decreased in ste12 cells, and the mating defect of the ste12 mutant is caused by inefficient secretion of pheromone peptides (Morishita et al., 2002) . These findings suggest that PtdIns(3,5)P 2 synthesis controls the mating pheromone signaling in S. pombe cells. The primary phenotype associated with loss of Ste12p function is the drastic enlargement of the vacuole (Morishita and Shimoda, 2000) . Drastic increases in vacuole size in ste12 mutants may be because of defects in the turnover or efflux of vacuolar membranes, and therefore PtdIns(3,5)P 2 is also involved in regulating vacuole membrane homeostasis (Fig. 6 ).
Sporulation and vacuolar protein transport in S. pombe
The fission yeast exists in two mating types, h + (Plus) and h -(Minus) (Davey, 1992) , and when haploid cells of opposite types are shifted to nitrogen-free medium they conjugate to form a diploid zygote, which then undergoes meiosis and sporulation (Egel, 1989) . Many sporulation-deficient mutants have been isolated and characterized in S. pombe (Bresch et al., 1968; Kishida and Shimoda, 1986 ) and most of these have exhibited defects in the regulation of the distinct steps of sporulation or meiosis.
Genetic analyses indicate that vacuolar protease activities play an important role in sporulation, and the vacuolar proteases are required for the nitrogen-starvation-induced protein degradation that accompanies sporulation in S. cerevisiae (Jones, 1977; 1984) . We reported that the vacuolar protease S. pombe Cpy1p was missorted and secreted to the cell surface in S. pombe vps34/pik3D cells. The vps34/ pik3D cells showed defects in both mating and sporulation. We have observed that a nitrogen-starvation-specific protein Isp6p (Sato et al., 1994) , a homologue of vacuolar protein-ase B from S. cerevisiae, was significantly secreted to the cell surface in vps34/pik3D cells (K. Takegawa et al., unpublished results) . Disruption of isp6 arrested the cell cycle prior to conjugation and caused a drastic blocking effect on spore formation (Sato et al., 1994) . Therefore, the secretion of vacuolar proteases suggests that disruption of vps34/pik3 may have marked blocking effects on mating and spore formation.
However, our recent data indicate that PtdIns(3)P, the product of Vps34/Pik3p, is important for the formation of the forespore membrane in S. pombe (Onishi et al., 2003a) . Spore formation required assembly of double layered intracellular membranes, termed forespore membranes, which are equivalent to the prospore wall in S. cerevisiae. Forespore membranes are assembled by fusion of small vesicles, and the mechanisms by which such vesicles are formed, gathered, and fused are not well understood. Electron microscopic analysis of vps34D diploid cells showed that the forespore membranes did not engulf the nucleus and the vesicle-like bodies accumulated in these cells (Onishi et al., 2003a) . Thus, PtdIns(3)P may play an essential role in determination of the growth orientation of forespore membranes.
Several lines of evidence suggest that the secretory pathway components are essential to serve membrane vesicles for the forespore membrane. From the analysis of sporulation-deficient mutants, Shimoda and co-workers have reported that spo14 + gene encodes a protein homologous to S. cerevisiae Sec12p, which is essential for protein transport from the ER to the Golgi apparatus (Nakamura-Kubo et al., 2003) . Membranous structures were markedly accumulated in the peripheral region of spo14 mutant cells during sporu- Fig. 6 . Vacuole morphology of vps34/pik3 (PtdIns 3-kinase) and ste12 (PtdIns(3)P 5-kinase) mutants. Vacuole morphology stained by FM4-64 were visualized using Nomarski optics and fluorescence microscopy.
lation, and these aberrant membranes result from a block of vesicle transport from the ER (Nakamura-Kubo et al., 2003) . Another sporulation-deficient mutant, spo20, accumulates Golgi cisternae in the cytoplasm during sporulation (Nakase et al., 2001) . The spo20 + gene product is homologous to S. cerevisiae Sec14p, the major PtdIns transfer protein of budding yeast (Nakase et al., 2001) . Although the subcellular origin of the sequestering membranes has not been identified, the Spo14 and Spo20 proteins serve to supply membrane vesicles from the ER or Golgi to forespore membrane, and the PtdIns(3)P, the product of Vps34/Pik3p, may contribute to the assembly and integrity of forespore membrane probably through PtdIns(3)P-binding proteins such as FYVE or PX domain-containing proteins (Vps5p, Vps17p and Vps27p) (Fig. 7) .
Class E Vps homologue proteins
As described above, the S. pombe ste12 + encodes a PtdIns(3)P 5-kinase that is required for the cellular response to nutritional starvation (Morishita et al., 2002) . When the ste12 + gene is disrupted, S. pombe cells are defective in mating and contain enlarged vacuoles. To investigate the role of PtdIns(3,5)P2 in the mating pheromone signaling and vacuolar homeostasis in fission yeast, we have isolated mutants that suppress the sterility of ste12D cells (Onishi et al. 2003b ). Identification of the corresponding genes reveals the S. cerevisiae class E VPS homologue genes such as vps27 + and vps23 + which are required for delivery from endosome to the vacuole. Deletions of vps27 and vps23 genes were defective in the maturation of vacuolar Cpy1p, confirming that these genes are required for vacuolar protein transport in S. pombe (Takegawa et al., unpublished results) . We also found that disruption of other fission yeast class E VPS homologue genes, such as vps24, vps28, vps32/ snf7, and vps60 (see Table I ), markedly restored the conjugation efficiency of ste12D cells (unpublished results). Taken together, our results suggest that a functional relationship exists between Ste12p function and class E Vps proteins in S. pombe cells.
The budding yeast class E vps mutants fail to transport newly synthesized hydrolases efficiently to the vacuole (Raymond et al., 1992; Piper et al., 1995; Rieder et al., 1996) . Instead, hydrolases accumulate with endocytosed receptors in an exaggerated perivacuolar class E compartment. The PtdIns(3)P 5-kinase Fab1p and class E Vps pro- teins are required for sorting of cell surface receptors within multivesicular bodies (MVB) in S. cerevisiae (Katzman et al., 2002) . MVB is an endosomal structure which forms by the invagination and budding of vesicles from the limiting outer membrane into the lumen of the endosome. In S. cerevisiae, the membrane glycoprotein carboxypeptidase S, a polyphosphatase (Phm5p), a presumptive haem oxygenase (Hmx1p), and the G protein-coupled receptor Ste2p are targeted into MVB (Odorizzi et al., 1998; Reggiori and Pelham, 2001) . The MVB pathway is important for several aspects of cellular physiology. The downregulation of activated growth factor receptors is important not only for modulating growth control, but also in the broader context of development. The conservation of the class E Vps proteins between S. cerevisiae and S. pombe (Table I) suggests that these fission yeast proteins play a fundamental role in maintaining protein trafficking within cells. We have obtained the disruptant strains of class E Vps homologues and efforts are underway to identify the MVB pathway in S. pombe.
Vacuolar deficient mutants
The vacuole participates in the maintenance of cytoplasmic homeostasis by transporting ionic molecules across the vacuolar membrane. Therefore, the large volume of the vacuole endows it with a high capacity for the chemiosmotic work which directs ionic homeostasis in the cytoplasm. The class C vps mutants lack any structure resembling a normal vacuole and instead accumulate small vesicles and other aberrant membrane compartments Woodford et al., 1990; Preston et al., 1991) . The four class C vps mutants (pep5/vps11/end1/vam1, vps16/vam9, pep3/ vps18/vam8, and vps33/slp1/vam5/pep14) exhibit the most severe vacuolar protein sorting and morphological defects. Their gene products physically associate together to form the HOPS (class C Vps protein) complex on the vacuolar membrane . The HOPS complex plays essential roles in the processes of membrane docking and fusion at both the Golgi-to-endosome and endosome-tovacuole stages of transport (Wurmser et al., 2000; Srivastava et al., 2000; Sato et al., 2000; Peterson and Emr, 2001) .
In contrast, there have been no reports on the isolation and characterization of vacuole-deficient mutants in S. pombe. Therefore, we sought to identify and characterize class C Vps proteins that may control vacuolar biogenesis and protein sorting events in S. pombe cells. One of the class C VPS genes, VPS33/SLP1, encodes a Sec1p homologue of 691 amino acids (Banta et al., 1990; Wada et al., 1990) . We found by a BLAST search of protein databases that S. pombe contains a gene in its chromosome II (SPBC1703.15c) that is homologous to Vps33p of S. cerevisiae (Iwaki et al., 2003) . The vps33 + gene encodes a hydrophilic protein of 593 amino acids with three introns. A BLAST search comparing the sequences of S. pombe and S. cerevisiae Vps33 proteins to the GenBank database revealed that the protein is highly homologous to proteins found in higher eukaryotes such as human (Carim et al., 2000; Huizing et al., 2001) , rat (Pevsner et al., 1996) , fly, nematode, and plant (Huizing et al., 2001) . Although the S. pombe vps33 + is not essential at low temperatures, the growth of the vps33-disrupted cells was very slow. Disruption of the vps33 gene renders cells unable to survive at 37°C, which may result from decreased tolerance to temperature stress due to abnormal vacuolar function (Iwaki et al., 2003) . The cell-shape and septum formation of the vps33D cells were found to be normal using Nomarski optics. The vps33 mutant cells contained numerous small vesicular structures stained with FM4-64 (Iwaki et al., 2003) (Fig. 8) . Disruption of the S. pombe vps33
+ gene results in severe and pleiotropic phenotypes consistent with the absence of normal vacuoles, including temperature-sensitive growth defects, various ion-sensitivities, and sporulation defects (Iwaki et al., 2003) .
Although the vacuolar-deficient vps33D cells are viable at low temperatures, the severity of the vps33 phenotype demonstrates that the presence of a normal vacuole and correct targeting of cellular material to the vacuole is essential for the fission yeast cells. Together, these results are consistent with Vps33p being necessary for the morphogenesis of vacuoles and subsequent expression of vacuolar functions in S. pombe cells.
SNARE proteins
Members of the SNARE family contribute to transport specificity by regulating interactions between transport intermediates and their appropriate target membranes (Jahn et al., 2003) . The first complete inventory of SNARE proteins in eukaryotic cells was carried out in Saccharomyces cerevisiae (Pelham, 1999) . S. cerevisiae has been reported to contain a total of 24 SNARE-encoding genes including SNARE-like SEC20 (Lewis et al., 1997) , and the recently identified YAL014c/SYN8 (Lewis and Pelham, 2002) and YGL098W/USE1 (Dilcher et al., 2003) . The localization and specific interactions of SNARE proteins are thought to provide much of the specificity for vesicle fusion in S. cerevisiae cells (McNew et al., 2000; Pelham, 2001) . Protein transport to the vacuole is also a vesicle-mediated process, and several SNARE proteins are required for vacuolar protein transport and vacuolar biogenesis. Pep12p is a mammalian syntaxin homolog regulating the docking and fusion of Golgi-derived transport vesicles with the endosome (Becherer et al., 1996) . Membrane transport from the endosome to the vacuole requires a second SNARE complex comprised of Vam3p (Wada et al., 1997; Darsow et al., 1997) , Vam7p (Sato et al., 1998), and Vti1p (Fischer von Mollard and Stevens, 1999) . Vam3p, Vam7p, and Nyv1p also mediate the homotypic fusion of vacuoles in S. cerevisiae cells (Ungermann and Wickner, 1998) .
So far only two SNARE proteins have been reported and characterized in S. pombe. Psy1p is a mammalian syntaxin homolog localized to the plasma membrane during vegetative growth and to the forespore membrane during sporulation . Syb1p is a synaptobrevin homolog accumulated in the medial region of dividing cells depending on F-actin and myosin (Edamatsu and Toyoshima, 2003) . Both the psy1 + and syb1 + genes are essential for growth Edamatsu and Toyoshima, 2003) . BLAST searches of the S. pombe genome database with the SNARE motif identified a total of 17 open reading frames encoding SNARE-related proteins (Table II) . This total is less than the 24 genes reported for S. cerevisiae (Pelham, 1999) . Two fission yeast SNARE proteins (Psy1p and Syb1p) have been characterized and found homologous to Sso1/2p and Snc1/2p of S. cerevisiae, respectively Edamatsu and Toyoshima, 2003) (Table II) . Several SNARE proteins required for vacuolar biogenesis, such as Vam3p, Vam7p, and Nyv1p, have been reported in S. cerevisiae (Wada et al., 1997; Darsow et al., 1997; Sato et al., 1998; Fischer von Mollard and Stevens, 1999; Ungermann and Wickner) . Interestingly, no fission yeast equivalent of Vam3p, Vam7p and Nyv1p has been found in the S. pombe genome (Table  II) . First we have disrupted the SPBC31E1.04 gene (Table  II) , which we hereafter refer to as pep12 + , because the gene product is highly homologous to Pep12p/Vps6p (30% identity in 223 aa) which is essential for vacuolar protein transport in S. cerevisiae cells (Becherer et al., 1996) . Unexpectedly, the disruptants transported the fission yeast Cpy1p to the vacuole normally, suggesting that the Pep12 homolog is not required for vacuolar protein transport in S. pombe cells .
To identify the SNARE protein(s) involved in Golgi-tovacuole protein transport, we have deleted an additional four SNARE homolog genes (SPAC4G8.10, SPBC36B7.07, SPAC6F12.03c, and SPAC823.05c in Table II) in S. pombe. S. pombe Cpy1p was significantly missorted to the cell surface on deletion of one of the SNARE proteins, Fsv1p (for fission yeast syntaxin homolog required for vacuolar protein transport; SPAC6F12.03c), with no apparent S. cerevisiae ortholog. Sporulation, endocytosis, and in vivo vacuolar fusion appears to be normal in fsv1D cells, indicating that Fsv1p is mainly involved in vesicle-mediated protein transport between the Golgi and vacuole in S. pombe cells . Biochemical and genetic analyses including co-precipitation experiments of Fsv1p with other SNARE proteins will be required to elucidate the precise role of Fsv1p in S. pombe cells.
Future directions
Recent progress in the genome project of S. pombe has revealed that S. pombe contains most of the genes which encode homologues of S. cerevisiae Vps and Vps-related proteins (Table I ). This suggests that the basic machinery of vesicle-mediated protein delivery to the vacuole is con- Fig. 8 . Vacuole morphology in wild-type and vps33D cells. Wild-type (WT) and vps33D cells were grown in rich media at 27°C to mid-log phase and stained with FM4-64. The stained cells were then visualized using Nomarski optics and fluorescence microscopy.
served between S. cerevisiae and S. pombe. However, our knowledge of the vacuolar transport pathways in S. pombe is still at an early stage. Future studies will continue to characterize these homologues in order to analyze several transport pathways to the vacuole including endocytosis, AP-3-dependent membrane protein transport and MVB pathways in S. pombe.
Although we are beginning to gain some insight into the molecular mechanisms of vacuolar transport pathways in S. pombe, many question that have yet to be answered. For example, the relationship between the autophagy and sporulation process is not clear in S. pombe. The budding yeast cells induce sporulation under conditions of nitrogen deficiency. Under conditions of nutrient starvation, it becomes necessary for the cell to degrade cytosolic macromolecules. This process is accompanied by dynamic membrane rearrangement (Dunn, 1994) . Morphological and biochemical studies have revealed that active cytoplasmic enzymes and organelles are subject to nonselective degradation by autophagy, which is defined in a deceptively simple way as "self-eating", during nutrient starvation (Klionsky and Ohsumi, 1999) . Autophagic bodies in S. cerevisiae cells are rapidly disintegrated by hydrolytic enzymes in the vacuole, allowing their contents to be digested and reused for spore formation. Nitrogen starvation is a good signal for triggering autophagy, and therefore the autophagy could be the upstream of sporulation in S. cerevisiae. At present, we have not yet elucidated that autophagy is induced under nitrogen starvation conditions in S. pombe cells. In S. cerevisiae, Vps34 PtdIns 3-kinase is also essential for autophagic process (Kihara et al., 2001; Wurmser and Emr, 2002) , and therefore it is interesting to investigate the role of PtdIns(3)P in autophagy and sporulation processes under nitrogen starvation conditions. Further analyses of the various mutants will provide new insights into the molecular mechanisms of autophagy and sporulation in S. pombe cells.
